This paper proposes a novel PV-Trombe wall system combined with phase-change material, which is named as PV-PCM-Trombe system. The work mainly experimentally studies the effectiveness and characteristics of using phase change materials to improve the overheating problem of PV-Trombe wall in summer. Through experiments, the photoelectric performance of the system using phase-change board surfaces with and without a matte black paint lacquer are compared; moreover, the influence on thermal environment of building is evaluated. The results indicate the PV-PCM-Trombe wall system shows an effective cooling effect on PV cell in both experiments and that the surface lacquer coating treatment of PCM plates affects little the photoelectric performance of the system and can reduce the working temperature of PV cell.
Introduction
Building-integrated photovoltaic/thermal technology (BIPV/T) is an important technology for using solar energy that generates solar energy photovoltaic power while improving the thermal environment of buildings to efficiently use solar energy. This can be considered as a significant contribution to the implementation of sustainable development of the energy.
Recently, focusing on BIPV/T technology, many numerical and experimental studies have been carried out from various perspectives. Yang and Jie [1] established a heat transfer model for photovoltaic-wall integrated (PV-WALL) structure and concluded that the heat gain of PV-WALL structures could be significantly reduced in summer. Jie et al. [2, 3] presented a novel Trombe wall with PV cells (PV-Trombe), which theoretically and experimentally studied the effect of the PV-Trombe system on indoor temperature and electrical efficiency and found that the aesthetic value was much more than that of normal Trombe wall. Hu et al. [4] compared and analyzed the annual thermal performance and electric performance of three types of BIPV system, and the result showed that a PV blind-integrated Trombe wall system (BIPVBTW) is superior to the other two systems in the total electricity saving and CO 2 emissions reduction. Dupeyrat et al. [5] studied the electric performance and thermal performance of PV/T solar collectors with different laminates and the results indicated that PV/T solar collectors could provide advantages over separated solar thermal and PV technologies in configuration of limited available space for solar collector area. Herrando et al. [6] established a system performance evaluation model and mainly analyzed the effects of cover ratio of cells and coolant flow rate on system performance. Koyunbaba and Yilmaz [7] researched energy performance comparison of single glass, double glass, and a-Si semitransparent PV module integrated on the Trombe wall facade of a model test room. The change in electrical efficiency by surface temperature of the PV module had been interpreted and the electrical power rate of the PV module had been designated. Zogou and Stapountzis [8] studied the flow and heat transfer of a BIPV/air wall system for building application. In this work, the results from flow visualization and hot wire anemometry measurements performed on the basic structural module of a double-skin photovoltaic (PV/T) façade were discussed. Jiang et al. [9] presented a novel photovoltaic-Trombe wall (PV-TW). The electrical and thermal performance of the PV-TW are investigated experimentally and theoretically. Ahmed et al. [10] attempted to enhance the performance of a hybrid photovoltaic/Trombe wall (PV/TW) system through employing a porous medium. The results revealed that incorporating the porous medium and DC fan offered favorable features of the system performance, while the glass cover has a conflicting effect. Combining PCM (phase change material) and PV (photovoltaic) technologies to cool PV board or store heat by PCM has attracted scholars' attention. Huang [11] [12] [13] applied PCM to PV board and carried out many studies on the effect of PCM on the thermal regulation performance of BIPV systems. Lin et al. [14] floored all the internal walls of a room with PCM to study the influence of PV/T solar collector and PCM on indoor thermal environment. Through experiments and transient energy balance approach, Hachem et al. [15] and Kibria et al. [16] studied the effect of PCM on the performance of PV board and concluded that PCM could decrease the temperature of PV board and increase the electrical efficiency. Curpek and Hraska [17] compared and studied the PV board with and without PCM as well as the flow passage with and without ventilation, the results showed that natural ventilation of PV façade with added PCM could reduce the temperature of PV board better. Aelenei et al. [18, 19] developed a simplified thermal network model for BIPV-PCM and studied the thermal behavior of the system. Ma et al. [20] conducted a detailed review of the literature focusing on the use of PCM for PV module thermal regulation and electrical efficiency improvement and found that the PV-ST-PCM system, i.e., PV-PCM integrated with a solar thermal (ST) system, had an obvious scope for practical applications but met challenges.
Focusing on the inclination of solar heating wall of regular PV-Trombe wall system being overheated in summer working conditions, based on the feature that the temperature cannot rise during phase-change heating process of PCM, the present work proposes a novel PV-Trombe wall system combined with PCM, i.e., the PV-PCM-Trombe. The proposed system uses the thermal feature of PCM by combining the PCM and conventional PV-Trombe wall ystem to reduce the temperature of solar heating wall in summer working conditions to avoid overheating issue of the wall resulted by solar radiation. This work mainly studies the effectiveness and characteristics of using phase change materials to improve the overheating problem of PV-Trombe wall in summer. Under summer working conditions, experimental investigations are carried out on a test system including the comparison of photoelectric performance of the novel system with and without matte black paint lacquer coating on phase-change board, and the analysis of their effects on thermal environment of the building.
Principle of PV-PCM-Trombe Wall System and the Experiment
The PV-PCM-Trombe wall system is composed of photovoltaic glass units, upper and lower openings, upper and lower shields, phase-change heat-storage wall, air passage, and a frame ( Figure 1) . The system is installed on the south 3 International Journal of Photoenergy elevation (Figure 2 ), where the PCM board is attached to the external side of the south wall of building to form the PCM wall; the photovoltaic glass units cover the PCM wall and a certain gap is kept to form an air passage. By upper and lower openings and upper and lower shields, the system achieves passive heating in room in winter and heat dissipation to outdoor ambient to cool the room down in summer. Therefore, photoelectric conversion efficiency increases and indoor thermal environment improves. The design purpose of phase-change heat-storage wall is to use the characteristics of great phase-change energy storage, no increase in temperature during phase change process and phase-change temperature selected near the human comfort temperature; reduce the temperature of the passage where photovoltaic cells work especially in high-temperature summer while ensuring sufficient hot air supply in winter to meet the demand of building heating corresponding to human comfort temperature requirement; and achieve the overall effects of the system that the photovoltaic cells are cooled better and the photoelectric efficiency is higher, and the indoor thermal environment better meets the requirement of human comfort.
The working principle of the system is as follows.
1. Photovoltaic Part: the DC current generated by photovoltaic glass is converted into AC current
Solar Thermal Part
In summer, the upper opening (5) and the lower opening (9) are closed while the upper shield (1) and the lower shield (4) are opened so that the air passage (6) and the outdoor air forms a loop; thermal siphoning causes the air flowing upwards from bottom in the passage, bringing away the heat absorbed by the phase-change heat-storage wall (7, 8) and the photovoltaic glass (2), and thereby the photovoltaic cells can be cooled down to some extent and overheating of the room in summer can be prevented. In addition, when the air temperature in the passage rises to the phase transition temperature of PCM, the PCM undertakes phase change process; the temperature can hardly rise as the PCM absorbs a significant amount of heat in the phase change process, and thus the rise of air temperature in the passage is inhibited and meanwhile, the photovoltaic cells and the building walls can be cooled down to some extent.
In winter, the upper opening (5) and the lower opening (9) are opened while the upper shield (1) and the lower shield (4) are closed so that the air passage (6) and the indoor room form a loop, bringing the heat absorbed by the phase change heat-storage wall (7, 8) and photovoltaic glass (2) Table 1 . The area of photovoltaic cells A C is 1.125 m 2 , and the coverage ratio of photovoltaic cells on the photovoltaic glass board is 56.25%. The package material of PCM plate is aluminum, the surface is plated with a light color anticorrosion material, and the inner portion is crystalline hydrate and organic PCM; thus, the advantages of both PCMs, hydrate and organic matter, are met. The phase transition temperature of the PCM plates is 29°C; its surface can be treated by matte black paint or kept as it is to perform comparable experimental analyses. The material properties of the PCM are listed in Table 2 . The array configuration of the phase-change board is shown in Figure 3 . Measured parameters of the system include voltage, current, temperature, and solar irradiation intensity. Table 3 summarizes the ranges of parameters' accuracies. The temperature is measured using a conventional copperconstantan thermocouple (accuracy of ±0.5°C). The main measuring points for temperature measurement are shown in Figures 1 and 3 . Figure 1 represents a structural section view of the system to show the locations of temperature measuring points marked by "×," i.e., external surface of photovoltaic glass board (1 point), back side of photovoltaic cells (5 points along height), air passage (1 point), external surface of the wall attached by phase change board (1 point), and indoor air temperature (1 point). Figure 3 presents the locations of the thermocouples distributed on the external surface of phase change heat storage board marked by "•." In addition, one thermocouple is placed on external surface of the south wall of experimental room. For the control room, there are two temperature measuring points which are indoor air temperature (1 point) and external surface of the south wall (1 point). The measurement system also includes the measurement of ambient temperature, output voltage and current of photovoltaic cells, and the total solar irradiation intensity on the south-faced vertical surface measured by a TBQ-2 pyranometer. DC voltage isolation sensor and AC-DC current isolation sensor are used, respectively, to detect the output voltage V oc and current I sc . The real-time acquisition of all data are done by an Agilent 34970A data acquisition instrument.
Experimental Results and Analysis
Experiments were carried out in Nanchang city in 2017, in three consecutive days on 27-29 May (experiment 1) and Figure 4 presents the distribution of solar irradiation intensity and ambient temperature during the three days of tests, and the detailed data is listed in Table 3 (mean ambient temperature is the average over a whole day; solar radiation is the irradiation on the south-faced vertical wall, and its mean value is the average in the period from sunrise to sunset). I c is the solar irradiation intensity and T s is the ambient temperature. Their subscripts 1 and 2, respectively, represent experiment 1 and experiment 2. Based on Figure 4 and Table 4 , the solar irradiation intensity of experiment 2 is slightly lower than that of experiment 1 on each corresponding day in the three days, while the ambient temperature is higher. The mean ambient temperature of experiment 1 is 29.4°C while that of experiment 2 is 34.9°C. International Journal of Photoenergy parameters measuring the performance of photovoltaic cells. Through the definition of electric power P = U × I, being U the voltage and I the current, electric power of photovoltaic cells can be calculated once voltage and current are measured. The photoelectric conversion efficiency can be obtained by Eq. (1). Electric power of photovoltaic cells is given by
Power and Efficiency of Photovoltaic Cells. Electric power and photoelectric conversion efficiency are two important
where A c is the area of photovoltaic cells, m 2 ; I c is the solar irradiation intensity, W/m 2 ; and η c is the photoelectric conversion efficiency. Figure 5 presents the trends of electric power and efficiency of photovoltaic cells with time for experiments 1 and 2. P and η c are the electric power and efficiency of photovoltaic cells, respectively. The electric powers and efficiencies of photovoltaic cells are similar between each pair of corresponding days in both experiments, and the efficiency varies in the range of 7%~13.5%. Table 5 lists the daily measured data from sunrise to sunset, i.e., at around 5:30~19:00 in experiment 1 and 5:15~19:30 in experiment 2. From the table, regarding experiment 1, the mean efficiency of power generation is about 10.7%, the daily mean power output is 23.1 W, and the daily power generation is 0.315 kW·h; for experiment 2, the mean efficiency of power generation is about 10.6%, the daily mean power output is 20.0 W, and the daily power generation is 0.287 kW·h. The difference in photovoltaic performance of photovoltaic cells is small between the two experiments, and the overall change characteristics are almost consistent. Thus, the matte black coating treatment slightly impacts on both electric power and efficiency of photovoltaic cells.
3.2.
Temperature of PCM Plate. Figure 6 presents the external side temperatures of phase change boards 1, 2, and 3 (see Figure 3 ) in experiments 1 and 2. T PH is the temperature of the external side of the PCM plate, and subscripts 1, 2, 3, respectively, represent PCM plates 1, 2, and 3. From the curves, all the external side temperatures of PCM plates 1, 2, and 3 in the two experiments are almost identical, and those in experiment 2 are higher than those in experiment 1. The external side temperatures of PCM plates 1, 2, and 3 are averaged, and the compared results of both experiments are listed in Table 5 . According to Table 6 , the highest temperature of the PCM plates in experiment 1 was 41.6°C and in experiment 2 46.2°C. On the one hand, the coating on the surface of the PCM plates in experiment 2 increases the absorption of solar heat. On the other hand, experiment 2 has a higher ambient temperature. Figure 7 presents the temperatures at different height locations on the inner side and at the middle of the outer side of PV cells in experiments 1 and 2. T IN is the temperature of each node along the high direction on the inner side of PV cells, and the subscript numbers 1-5 from small to large represents the high direction from low to high. T OUT is the temperature at the middle of the outer side of PV cell. T AVE is the mean temperature of the four locations in the upper part of the inner side of PV cell. As shown in the figure, during daytime, the internal temperatures are all higher than the outer temperature of PV cell; during nighttime, the internal temperatures at different height locations are close to the outer temperature of PV cell; the temperature distribution laws of PV cells are similar in both experiments. The specific data for T AVE and T OUT are listed in Table 7 . As shown in the table, although the ambient temperature is higher in Experiment 2 and the maximum outer temperature of PV cells in experiment 2 is slightly higher than that of experiment 1, the internal maximum temperature of the PV cells in experiment 2 is slightly lower than that of experiment 1. The result shows that the absorption coating treatment on the surface of the PCM plates will increase the temperature of the PCM plates; however, there is a reduction in the working temperature of the PV cells. Figure 8 shows the temperature in the middle of the inner side of PV cell and that of passage varying with time in experiments 1 and 2. T INM is the temperature in the middle of the inner side of PV cell, and T CHM is the temperature in the middle of passage. From the comparison between experiment 1 and experiment 2, the value of T INM in experiment 2 is close to that in experiment 1, even slightly lower, but T CHM in experiment 2 is higher than that in experiment 1. The results also indicate that the absorption coating treatment on the surface of the PCM plates can reduce the working temperature of PV cell. Table 8 lists the specific test results of the two experiments. The maximum value of T INM is 52.3°C in experiment 1 and it is 51.7°C in experiment 2. The maximum values of T CHM are 41.4°C and 45.3°C in experiments 1 and 2, respectively. The temperature difference between the inner side of PV cell and the passage reaches 11.6°C in experiment 1 and 6.7°C in experiment 2. According to [21] , without a ventilation passage on the PV wall, the working temperature of PV cell reaches up to 70°C in summer. From the comparison, 3.4. Thermal Effect on the Indoor Room. As is shown in Figure 9 , T E−out , T C−out , and T H−out are, respectively, the temperatures of the external side of the south wall of experimental room, south wall of the control room, and Trombe wall in experiments 1 and 2. T E−out smooth is the smoothed curve of T E−out . For each of experiments 1 and 2, the two temperature curves of the external side of the south wall of the experimental room and control room are almost coincident with each other; in daytime, the temperatures of the external side of the south wall of the experimental room and control room are higher than that of the Trombe wall which means that the passive solar building will not result in summer overheating problem of the wall, and the peak of temperature occurs earlier; in nighttime, the temperature of the external side of the Trombe wall is higher than the that of others. From the comparison between the two experiments, the main characteristic is that the peak temperature difference between the south wall and the Trombe wall for the experimental room are lower in experiment 2. Take day 2 as an example, as is given by Table 9 , the delay is 2 hours in experiment 1 and 40 minutes in experiment 2. In addition, the maximum value of T C−out in experiment 1 is almost the same as that of experiment 2, but the maximum values of T E−out and T H−out in experiment 2 are slightly greater than those in experiment 1; in each experiment, the daily mean values of T E−out , T C−out , and T H−out are substantially identical. Overall, though the coating on the external side of phase change board increases the solar heat absorption and the temperature of the Trombe wall slightly, the effect of preventing the wall from overheating in summer is still available for the passive solar system. International Journal of Photoenergy 
Cooling Effect on PV Cell.

